Two phases produced through the liquid-liquid separation gravitationally segregate during solidification of the monotectic alloys. This paper examined reduction of the gravity segregation for the Cu-Pb monotectic alloys by imposing a static magnetic field up to 10 T. The Cu-Pb alloys with compositions ranging from 15.5 to 84.5 at% Pb solidified at a cooling rate of 10 K/s under a magnetic field. The effect of the magnetic field on the macrosegregation was clearly recognized for the Cu-Pb alloys with compositions ranging from 65 to 70 at% Pb, while the magnetic field did not become a dominant factor of the segregation behavior in the other compositions. Furthermore, diameter of the Cu-rich liquid drops under 10 T was smaller than that under 0 T. The static magnetic field reduced not only the rising velocity of the Cu-rich drops but also the coalescence rate of the liquid drops, resulting in the reduction of the macrosegregation. The magnetohydrodynamic estimation suggested that the terminal velocity of the Cu-rich particles with typical diameters is significantly reduced by the imposed static magnetic field. The difficulty of the particle movement due to the electromagnetic force resulted in the homogenous solidified structure for the Cu-Pb alloys.
Introduction
It has been well realized that a magnetic field has potential to control the microstructure produced through solidification. One of the advantages is to reduce convection in melt during solidification. Magnetic fields of less than 2 T, which are generally imposed by conventional magnets, reduce convection and stabilize the steady fluid flow in a melt. Consequently, segregation due to the unsteady flow is suppressed in growing crystals. Furthermore, imposition of a high magnetic filed of 8 T achieved the diffusion control growth during the Bridgman technique. [1] [2] [3] These experimental results indicated that the higher magnetic field significantly reduced macroscopic convection in a melt in terms of mass transfer. On the other hand, effect of the high magnetic field on fluid flow in the microscopic region is also of interest because the microstructure evolution during solidification significantly depends on fluid flow ahead of the solidifying front. For example, pushing/engulfment of the inclusions at the solidifying front is closely related to the melt flow behind the inclusions. [4] [5] [6] [7] [8] [9] [10] [11] [12] Typical scale of the inclusion is the order of 10 Ϫ6 -10 Ϫ4 m. Thus, the magnetic field can contribute to improvement of the solidified structure if the electromagnetic force efficiently operates on the microscopic region. However, the effect of magnetic field on the microscopic flow has not been understood well to improve the solidified structure.
Monotectic alloys are known to be used for free machining materials, superconducting materials, battery grids and bearing materials. 13) The favorite properties result from dispersion of the immiscible minor phase in the major matrix phase. Difficulty of controlling the solidification structure arises from the monotectic system. In the monotectic solidification, one of the constituent phases is always liquid state when the major phase solidifies. The liquid-liquid separation can occur even before solidification begins. Thus, the liquid phase produced through the monotectic reaction easily moves in the melt due to convection and density difference. Furthermore, a wide solidification temperature range promotes the movement of the liquid phase. Consequently, inhomogeneous dispersion of the minor phase particles called "gravity segregation" is induced during solidification. Therefore, it is generally recognized that solidification processing for the monotectic alloys involved much effort to produce homogeneous castings.
Effect of gravity on the monotectic solidification has been investigated in order to produce the homogeneous microstructure. [13] [14] [15] [16] [17] For example, fabrication of the homogeneous Al-Pb-Bi alloys was examined under micro-gravity condition on the space shuttle.
14) The micro-gravity environment promoted uniform distribution of the minor phase and consequently improved superconducting properties in the cold-worked wire made of the Al-Pb-Bi alloys. This study indicated that reduction of the sedimentation velocity of the (Pb, Bi) liquid drops produced through the monotectic reaction by eliminating the gravity was effective to sup-press the gravity segregation. From a viewpoint of engineering, it is important to develop alternative ways to reduce the sedimentation velocity, since the reduction is expected to achieve the uniform solidified structure even in the normal gravitational environment. The sedimentation velocity is determined by density difference and viscous drag induced from the fluid flow around the immiscible drops. Since typical size of the drops is the order of 10
Ϫ4 m in the monotectic alloys, it is required to reduce the microscopic fluid flow around the immiscible drops.
One of the alternative ways is the high-intensity ultrasonic wave. 18) In this case, generation of the microscopic melt flow around the drops agitated the immiscible drops, resulting in reduction of the gravity segregation in Al-Pb monotectic alloys. Another way is imposition of a high magnetic field of which intensity is typically several tesla. This is in contrast to the former way, because the magnetic field is imposed to surpress the microscopic melt flow around the drops. This paper presents solidified structure of the Cu-Pb monotectic alloys under a magnetic field up to 10 T. Effect of the magnetic field on the immiscible drop distribution and the degree of the gravity segregation was examined for various compositions in the Cu-Pb system. Contribution of the static magnetic field to producing the homogeneous castings is discussed.
Experiments
Induction furnace in the superconducting magnet was used for melting the monotectic alloys in a short time to avoid the macrosegregation during melting procedures. 19 ) Figure 1 shows configuration of the induction furnace in the superconducting magnet. Crucibles used in the experiments were made of graphite. Inner diameter was 8 mm, while outer diameter was 12 or 15 mm. The graphite crucible was directly heated by rf induction (200 kHz, 10 kW max). The melt was cooled by He gas atmosphere. Temperature profile was measured by a thermocouple inserted into the bottom of the crucible. Cooling rate was approximately 7-10 K/s when the specimens were cooled by He gas. Dimension of the specimen was 8 mm in diameter and 15 mm in length.
Alloy compositions examined in this study were 15.5, 25, 35, 45, 55, 60, 62.5, 65, 67.5, 70, 75, 80 and 84.5 at% Pb. Mother alloys were cast in the metal mold after the alloys were melted in an Ar atmosphere. Microstructure of the mother alloys was observed to confirm that the macrosegregation due to the density difference between Cu-rich and Pb-rich phases was suppressed. Figure 2 shows the phase diagram of the Cu-Pb system. The homogeneous melt firstly separated into Cu-rich and Pb-rich liquid phases for the Cu-Pb alloys except 15.5 and 84.5 at% Pb alloys in the present cooling condition, although the liquid-liquid separation is expected to occur in the narrower composition range in equilibrium phase transformation.
Number, radius and fraction of the Cu-rich phase were measured at every 3 mm from the top of the specimens. In the analysis, the Cu-rich phase with less than 3 mm in radius was ignored, since the fine Cu-rich particles were produced through the precipitation in the Pb-rich liquid phase at the final solidification stage.
Position at the center of gravity, R cog , was calculated from the distance from the top, z, and the radius of the Cu-rich phase. completely avoided during solidification.
Experimental Results

Effect of the Magnetic Field on Macrostructure and Segregation
Macrostructure of the Cu-25, 45, 65, 70 and 75 at% Pb alloys solidified under 0 and 10 T are shown in Fig. 3 . For the Cu-Pb alloy with compositions of less than 35 at% Pb, the Cu phase solidified as a primary phase without the liquid-liquid separation in the present cooling condition. Network of the Cu dendrites prevented the Pb-rich melt flow over the dendrite arms. As a result, no segregation was detected for the Cu-Pb alloys with compositions less than 35 at% Pb.
For the Cu-Pb alloys with compositions more than 35 at% Pb, the liquid-liquid separation occurred before solidification began. The Cu phases clearly segregated in the top part for the Cu-45at%Pb and Cu-65at%Pb alloys solidified under 0 T. Furthermore, two liquid phases macroscopically separated in the vertical direction before solidification, since the top part of the specimen completely covered with the Cu phase. Most of the Cu-rich liquid drops produced through the liquid-liquid separation were driven to the top part due to the density difference and aggregated in a large liquid drop. Imposition of a magnetic field, 10 T, avoided the aggregation and consequently dispersed the Cu-rich liquid drops. However, the magnetic field was not sufficiently strong to avoid the segregation.
No significant segregation due to the density deference was observed for the Cu-Pb alloys which compositions were 70 at% Pb and 75 at% Pb, although the liquid-liquid separation occurred before the solidification. Spherical Curich phase was uniformly distributed in the solidified specimens. Figure 3 indicated that the effect of the magnetic field was obvious in the compositions ranging from 65 to 70 at% Pb. Figure 4 shows effect of the magnetic field up to 10 T on the solidified structure of the Cu-67.5at%Pb alloy. Most of the Cu-rich drops segregated in the top part of the specimen at 0 T, while no clear segregation was detected from the macrostructure at 10 T. Imposition of the magnetic field up to 10 T clearly weakened the segregation. Figure 5 (a) shows fraction of the Cu-rich phase as a function of distance from the top for the Cu-65, 67.5 and 70 at% Pb alloys solidified under 0 and 10 T. In the case of Cu-65at%Pb alloy, the magnetic field, 10 T, imposed during the cooling procedure reduced the segregation only at the top part for the Cu-65at%Pb alloy. The macrosegregation was still recognized in the fraction profile even for the specimen solidified under 10 T as shown in Fig. 3 . The effect of the magnetic field was clearly recognized for the Cu-67.5at%Pb alloy. For the specimens solidified under 0 T, the fractions at the top and the bottom were 0.75 and 0.15, respectively, while the fractions for the specimens solidified under 10 T ranged from 0.5 to 0.35. For the Cu-70at%Pb alloys, there was no clear effect of the magnetic filed on the fraction profile. that the static magnetic field imposed during solidification can reduce the gravity segregation for the monotectic CuPb alloys in the restricted composition range.
Effect of the Magnetic Field on Microstructure
Minor liquid phase, which was produced through the liquid-liquid separation, tended to be spherical to decrease the total interfacial energy. The spherical Cu-rich liquid drops rise due to the density difference and coalesce with another Cu-rich drop. The coalescence increases diameter of the drops and consequently accelerates the rising velocity and the coalescence rate. Thus, it is also important to investigate the effect of the magnetic field on the microstructure for the Cu-Pb monotectic alloys. Figure 6 shows the microstructures of the Cu-67.5at%Pb alloy solidified under different magnetic fields. White spherical region consisting of the Cu phase and the Pb phase corresponds to the Cu-rich minor liquid phase produced through the liquid-liquid separation. The Cu solid phase solidified from the Cu-rich liquid phase and the Pb phase remained in the spherical Cu-rich liquid region. In the case of 0 T, rather fine Cu-rich particles were observed in the bottom part. These fine Cu-rich particles were produced by precipitation in the Pb-rich liquid phase produced though the liquid-liquid separation during the cooling procedure. Thus, the fine Cu particles should be ignored to consider the effect of the magnetic filed on the macrosegregation caused by the liquid-liquid separation. Figure 6 indicated that the Cu-rich liquid phase completely aggregated in the top part before the solidification.
As shown in the right side of Fig. 6 , the Cu-rich liquid drops became small at the bottom part in comparison with the top part. The larger drops have the larger rising velocity and the higher coalescence rate. Therefore, the experimental results indicated that not only rising but also coalescence of the Cu-rich drops contributed to the segregation. Fig. 5(b) , no clear macrosegregation was recognized in the specimen even at a magnetic field of 0 T. The effect of the magnetic field on the size of the Cu-rich drops was significantly observed in Fig. 7 . In the case of 0T, size of the Cu-rich drops tended to decrease with increasing distance from the top. On the other hand, size of the Cu-rich drops was fine and uniform in the whole of the specimens solidified under 10 T.
Figures 8(a) and 8(b) show mean radius of the Cu-rich drops for the Cu-70, 75 and 80 at% Pb alloys in which the macrosegregation due to the density difference was not recognized even at a magnetic field of 0 T. For every specimen, imposition of the static magnetic field reduced the mean radius of the Cu-rich phase. It is obvious that the static magnetic field imposed during the cooling procedure prevents the coalescence of the Cu-rich drops and consequently reduced the radius of the Cu-rich drops.
Discussion
Segregation Mechanism and Contribution of the
Magnetic Field Effect of the static magnetic field on the macrosegregation was summarized in terms of intensity of the magnetic field and alloy composition as shown in Fig. 9 . Number indicated in the figure means the relative position of the center of gravity defined by Eq. (3). In the composition range less than 60 at% Pb, the static magnetic field hardly contributed to the reduction of the macrosegregation. The effect of the magnetic field was recognized in the restricted composition range from 65 to 70 at% Pb. The liquid-liquid separation occurred like the spinodal decomposition for the monotectic alloys of which the composition located at around the top of dome (35 at% Pb) as shown in Fig. 2 . Since the separation does not need any nucleation, a great number of the liquid drops are simultaneously produced.
In the liquid-liquid separation, minor liquid phase drops are initially distributed in the major liquid phase matrix. The interfacial energy between Cu-rich phase (L) and Pbrich phase (L), which is reported to be 6 mJ/m 2 , 20, 21) urges coalescence, leading to coarsening of the liquid phase. Thus, the aggregation of the minor drops intrinsically occurs to minimize the total interfacial energy of the system. The gravity and the magnetic field are nothing more than parameters to determine rate of the segregation. In other words, the coarsening which reduces the interfacial energy invariably occurs in the monotectic alloys exhibiting the liquid-liquid separation. For example, the coarsened (Pb, Bi) liquid particles was observed even in Al-Pb-Bi alloys solidified under micro gravity condition.
14) It should be noted that the imposition of the static magnetic field directly affects the movement of the liquid phase as well as the micro gravity condition.
Rising and Coalescence of the Cu-rich Drops under the Magnetic Field
The static magnetic field directly affects the rising velocity of the Cu-rich liquid drop and the coalescence rate. Here, it is interesting to consider movement of the liquid particle under a static magnetic field. Figure 10 shows schematic illustration of the particle movement in the conducting liquid matrix. When the spherical particle is rising due to the density difference under a static magnetic field imposed in the vertical direction, flow pattern around the rising particle is illustrated using the dash lines in Fig.  10(a) . Fundamental of the particle movement under a magnetic field is qualitatively explained here, since the rising velocity is analyzed by using the mathematical analysis [22] [23] [24] in the later paragraph. The melt flow has horizontal components at the upper and the lower parts of the rising particle. The horizontal component of the melt flow and the static magnetic field imposed in the vertical direction induces the electromotive force due to the electromagnetic induction. In this configuration, the eddy current is efficiently induced: the clockwise current and the counterclockwise currents are induced at the upper and the lower sides, respectively, as shown in Fig. 10(a) . Lorentz's (Laplace's) forces caused by the induced currents and the static magnetic field prevent the horizontal flow at the top and the bottom regions. As a result, the static magnetic field reduces the terminal velocity of the rising particle. In general, it is well known that Lorentz's force is induced when the conducting matter moves in non-uniform magnetic field. It should be noted that Lorentz's force is efficiently induced even under a uniform magnetic field when immiscible particles rise in the conducting matrix.
The coalescence of the particles under the static magnetic field is also explained by considering the melt flow around the immiscible particles. Figures 10(b) and 10(c) shows the coalescences of the particles in the vertical direction and the horizontal direction, respectively. In the case of the coalescence of the two particles in the vertical direction, the melt is ejected from the gap between the two particles. The melt flows to the top part of the upper particles and the bottom part of the lower particles are also induced. The electromagnetic induction caused by the flow pattern around the particles is basically equal to that of the rising particles. The eddy currents induced by the melt flow around the particles are illustrated by the solid lines. Lorentz's force induced by the melt flow as shown in Fig.10 (b) acts like a breaking force to prevent the collision of the particles. Thus, the imposed magnetic filed reduced the coalescence rate in the vertical configuration.
In the case of the coalescence in the horizontal direction, the dash lines in Fig. 10(b) indicate the melt flow around the particles. The ejected melt from the gap between the two particles flows behind the particles. In this configuration, the horizontal component of the melt flow at the top part of the two particles induces the clockwise current. The melt flow at the bottom part of the two particles also induces the clockwise current. The clockwise current and the vertical magnetic field induces Lorentz's force acting as the resistance to the melt flow from the gap to the back. The coalescence in the horizontal direction is also reduced by the vertical magnetic filed. Therefore, the coalescences in the vertical and the horizontal directions are reduced by the vertical magnetic field. In general, the imposition of the static magnetic field reduces the coalescence of the particles in any direction.
The terminal velocity of the rising particle in the conducting matrix under the vertical static magnetic field has © 2003 ISIJ Here, s and h are electrical conductivity and viscosity of the melt, respectively. B is the magnetic flux density and r is the radius of the particle. In the case of HaϽ Ͻ1 and HaϾ Ͼ1, the drag forces, D, are given by Eqs. (5) and (6) Equation (8) does not have physical background, but it does not cause fatal error to evaluate how the magnetic field reduces the terminal velocity of the particle in the intermediate region.
It is needed to evaluate the Hartmann number for the Curich drop in the Pb-rich liquid phase to understand the effect of the magnetic field. For example, the Hartmann numbers of the Cu-rich drop with diameter of 10, 20 and 100 mm under 10 T are approximately 2, 4 and 20, respectively. According to Fig. 11 , the terminal velocity of the Cu-rich drops with diameter of 10 mm is assumed to be 60-70 % of the terminal velocity without a magnetic field. It suggested that the static magnetic field up to 10 T does not remarkably affect the movement of the Cu-rich drops with the order of 10 Ϫ6 m in diameter. On the other hand, the static magnetic field of 10 T significantly reduces the terminal velocity of the Cu-rich drops with diameter of 100 mm.
For the Cu-67.5at%Pb alloy, imposition of the static magnetic field up to 10 T significantly reduced the macrosegregation as shown in Fig. 9 . The diameter of the Cu-rich drops in the bottom part of the Cu-67.5at%Pb alloy are approximately 50-200 mm. The above estimation suggested that the rising velocity of the Cu-rich drops is remarkably reduced under 10 T. The typical Cu-rich drops observed for the Cu-70, 75 and 80 at% Pb alloys in which the spherical Cu-rich drops were uniformly distributed was 20-50 mm in diameter as shown in Fig. 8 . The Hartmann number of the Cu-rich particles (20-50 mm) ranges from 4 to 10. In the present study, the effect of the magnetic field was observed only for the Cu-rich drops of which the Hartmann number is more than 4. As shown in Fig. 11 , effect of the magnetic field on the terminal velocity will be recognized in the region of HaϾ1. In the present case, reduction of the terminal velocity of about 50 % (Ha is roughly more than 5) was, at least, required to recognize the magnetic field effect on the monotectic solidification.
Conclusion
The Cu-Pb monotectic alloys with compositions ranging from 15.5 to 84.5 at% Pb were solidified at a cooling rate of 7-10 K/s under a magnetic field up to 10 T. The solidified structure indicated that the liquid-liquid separation occurred before solidification in the Cu-Pb alloys with compositions ranging from 35 to 80 at% Pb. For the Cu45at%Pb and Cu-65at%Pb alloys, most of the Cu-rich liquid drops were driven to the top part of the specimen due to the density difference, while imposition of the magnetic field, 10 T, tended to disperse the Cu phases. The reduction of the macrosegregation by imposing the static magnetic field was clearly recognized for the Cu-Pb alloys ranging from 65 at% Pb to 70 at% Pb. No significant segregation due to the density deference was observed even under 0 T for the Cu-Pb alloys with compositions of more than 70 at% Pb. However, size of the Cu-rich spherical drops decreased by imposing the static magnetic field.
The static magnetic field reduced not only the rising velocity of the Cu-rich liquid drops but also the coalescence rate. When one considers configuration of the melt flow around the immiscible drops and the imposed magnetic field, Lorentz's force caused by the induced current and the magnetic field reduces the rising velocity and the coalesce rate.
The magnetohydrodynamic model [22] [23] [24] suggested that re- duction of the rising velocity by the magnetic field depended on diameter of the drops. The terminal velocity of the Cu-rich drops with diameter of 20-50 mm, that were typically observed in the solidified structure of the Cu-Pb alloys, is assumed to become several times smaller under 10 T than 0 T.
